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and DEM, in order to clarify the mechanism of induction
observed in the present study.

In conclusion, we have detected dynamic changes in
the Nif2 system in vivo, assodiated with 2 discrete chem-
ical agents. These changes are not dependent on a toxic
effect of these agents on the liver but are associated with
changes in the hepatic level of reduced GSH and the
presence of a chemical species with the potential for co-
valent modification, with the likely consequent oxidative
alterations in cell regulatory and sensor proteins. The in-
duction profile seen with Nrf2-regulated genes following
acetaminophen treatment, whereby inducton was im-
paired at very high doses despite the linear increase in
nuclear Nrf2, may have therapeutic consequences for the
targeting of Nrf2 in chemoprotection. The strategic in-
duction of Ntf2 o boost cellular defense mechanisms
may alone provide insufficient protection against some
forms of chemical stress without the concomitant main-
tenance of related cellular funcdens.
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Nrf2 deficiency causes tooth decolourlzatlon due to iron
transport dlsorder in enamel organ
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Rodents have brownish-yellow incisors whose colour represents their iron content. Iron is deposited
into the mature enamel by ameloblasts that outline enamel surface of the teeth. Nixf2 is a basic region-
leucine zipper type transcription factor that regulates expression of a range of cytoprotective genes
in response to oxidative and xenobiotic stresses. We found that genetically engineered Ntf2-deficient
mice show decolourization of the incisors. While incisors of wild-type mice were brownish yellow,
incisors of Nrf2-deficient mice were greyish white in colour. Micro X-ray immaging analysis revealed
that the iron content in Nrf2-deficient mouse incisors were significantly decreased compared to
that of wild-type mice. We found that iron was aberrantly deposited in the papillary layer cells of
enamel organ in Nif2-deficient mouse, suggesting that the iron transport from blood vessels to
-ameloblasts was disturbed.We also found that ameloblasts of Nrf2-null mouse show degenerative
atrophy at the late maturation stage, which gives rise to the loss of iron deposition to the surface
of mature enamel. Qur results thus demonstrate that the enamel organ of Nif2-deficient mouse
has a reduced iron transport capacity, which results int both the enamel cell degeneration and

disturbance of iron deposition on to the enamel surface.

Introduction

The brownish vellow colour of the rodent incisors is
due to iron deposition in the enamel surface layer (Halse
1973, 1974; Halse & Selvig 1974; Kallenbach 1970). In
the enamel organ of rodents, where the tooth develops,
a layer of cells that outline the enamel surface called
ameloblasts contain the entre sequence of cell develop-
ment stages. From the apical end toward the incisal end
these stages are classified regionally into presecretory,
secretory, transition, and maturation stages. Secretory
ameloblasts produce enamel matrix proteins, whereas
ameloblasts at the maturation stage act to incorporate
iron and deposit it into the surface of the mature enamel,
in addition to their fundamental roles in enamel formation.
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In this unique iron transport system, ferritin functions
as a transient iron reservoir in the cell, sequestering
iron into the cytoplasmic granules (Karim & Warshawsky
1984). This particle first appears free in the cytoplasm,
and then gradually becomes confined to the membrane
bound ferritin-containing vesicles with the progression
of cell developmental stages. Finally, the iron is secreted
from ameloblasts into the enamel surface at the end of
maturation, presumably through the process of lysosomal
digestion of ferritin (Takano & Ozawa 1981).

Iron is critically involved in a wide variety of cellular
events ranging from DINA synthesis to cellular respira-
tion (Cammack et al. 1990). However, at the same time,
free iron generates highly reactive oxygen species via
Fenton chemistry and causes an oxidative stress to cells
(Linn 1998). Thus, the cellular iron metabolism should
be strictly regulated in the presence of various transport
and storage proteins (McCord 1998).

Genes to Cells {2004) 9, 641-651
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Nrf2 belongs to the CNC transcription factor family
which share a characteristic basic domain first identified

in the Drosophila cap'n’collar (CNC) protein (Itoh ef al.

1995; Mohler ef al. 1991). Nrf2 is essential for the coor-
dinate transcriptional induction of phase I enzymes and
anti-oxidint genes via anti-oxidant responsive element
(ARE) (Itoh et al. 1997; Lshii ef al. 2000). Furthermore,
Nrf2 constitutes a crucial cellular sensor for oxidative
stress together with its cytoplasmic repressor Keap1, and
- mediates a key step in the signalling pathway by a nowvel
N2 nuclear shuttling mechanism (Itoh et al. 1995b).
Activation of Nrf2 leads to the induction of phase II
enzyme and anti-oxidant stress genes in response to var-
ious stresses (Ishii ef al. 2000; Itoh ef al. 1999a).

Whereas Nrf2-deficient mice (Nif 27) grow normally
and are fertile (Itoh et al. 1997), the mice are susceptible to
various oxidative stresses including acetarninophen intoxd-
cation (Enomoto ef al. 2001; Chan et al. 2001), BHT
intoxication (Chan & Kan 1999), chemical carcino-
genesis (Ramos-Gomez et al. 2001), hyperoxda (Cho et al.
2002), and diesel exhaust inhalation (Aoki et al. 2001).
The Nif 2"~ mice are also susceptible to lupus-like autoim-
mune nephritis (Yoh et al. 2001). However, no apparent
phenotype has yet been described (Itoh ef af. 1997,
Kuroha et al. 1998). In this study, we found that incisors
of the Nif 27~ mice are decolourized and become greyish
white, The examination of the mechanisms leading to
the decolourization in the Nif27~ mouse revealed that
the iron transport is defective in the developing enamel
organ of Nif 2”7~ mice.

_Results

Decolourization of the maxillary incisors of
Nif27~ mice

In an attempt to find subtle anatomical changes in the

germ line Nif2™~ mice (Itoh et al. 1997), we noticed that
the incisors of Nif2”" mice are always greyish white
{Fig. 1B), while in contrast, incisors of wild-type and
heterozygous mutant (Nrf2*") mice are always brownish
yellow (Fig. 1A). In order to examine the decolouriza-
tion phenotype in more detail, we mated Nyf2"~ male
with Nif2*/~ female mice and examined 50 mice for the
relationship between Nif 2 genotype and the incidence of
decolourization by macroscopic examination. Fourteen
mice had greyish-white incisors and all of them were
homozygous for the Nif2 germ line mutation. On the
contrary, of the 36 mice with brownish vellow incisors,
26 were Nif 2 heterozygous and 10 were wild-type. Thus,
the penetration of decolourization phenotype in Nif 2™~
mice was 100% (P < 0.001).

642 Genes to Cells (2004) 9, 641-651

Figure 1 Incisors of Nif2™ mice are decolourized. The incisors
of wild-type mouse show the normal brownish-yellow colour (A),
whereas the incisors of Nif 2™~ mice have greyish white colour (B).

Iron content in enamel surface was specifically
decreased in Nyf2™ mice

Scanning electron microscopic analysis detected no significant
structural differences in the tooth surface between wild-type
(Fig. 2A) and Nif 2™~ mice (Fig. 2D). However, X-ray micro-
analysis revealed an apparent difference in the iron content on -
the enamel surfaces between the Nif 27~ and wild-type mice
(Table 1).A dot-map image analysis revealed the remarkable
decrease of iron content in the enamel surface of Nif2™~
mouse incisors (Fig. 2F) compared to those of wild-type mice
{Fig. 2C). Calcium content was within comparable range
between wild-type (Fig. 2B) and Nrf2™" mice (Fig. 2E).
Table 1 summarizes the calcium, phosphorus and iron
contents of the incisors that were quantified by X-ray
microanalysis. Importantly, we found that the mean iron

- content (Fe% (w/w)) of the Nif2™" mouse enamel was

less than one-tenth of that of the wild-type mouse. The
decrease shows gene copy number dependence such that
in the Nif2™~ mouse incisors the mean iron content was
about one half of that of the wild-type mice. In contrast,
no significant difference was observed in the content of
calcium and phosphorus amongst Nif 2™, Nif2*'~ and wild-
type mice. Simnilarly, the molar rato (MR)) as well as weight
percentage ratio (WR) of calcium to potassium was unaffe-
cted. These results indicate that the iron metabolism is
specifically affected in the Nif2™" mouse teeth.

General iron status in Nvf2™ mice

To examine the reason why the iron metabolism of enamel
organ was impaired in Nif 2™ mice, we measured the general
iron status in Nif2 ™ mice. We did not find any significant
differences in haematocrit, serum iron concentraton, total
iron binding capacity (TIBC) and transferrin saturation
(Table 2), indicating that the general iron status of Nyf27~

© Blackwell Publishing Limited
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Figure 2 Scanning electron microscopic and micro X-ray analysis of the surface of the mouse incisor. (A, D) Scanning electron

microscopic images of incisors of wild-type (A) and NifZ

—i—

mouse (D). (B, E) Dot-map images of calcium on the surface of wild-type

(B) and Nif 2™~ incisors (E) by micro X-ray analysis. {C, F) Dot-map images of iron on the surface of wild-type (C) and Nif2™~ mouse

incisors {F).

Table 1 Micro X-ray analysis of the incisors
of Nif2™ mutant mice

® Blackwell Publishing Limited

Nif2 genotype

+/+ +/~ —-/—
Fe percentage (w/w) 5.143 £0.754 2.748 £ 0.454* 0.396 £ 0.076%
Ca percentage (w/w) 36.389 £0.222 36.073£0.039 36.161 £ 0.067
P percentage (w/w} 18.057 £ 0.091 17.808 £0.104 17.954 £ 0.047
Ca/PWR 2.016 £ 0.006 2.026 £ 0.011 2.015 + 0.007
Ca/P MR 1.558 + 0.005 1.566 +0.008 1.555 % 0.007

The calcium, phosphorus, and iron contents of the enamel surface of wild-type, Nif2*,
or Nif2™" incisors determined by micro X-ray analysis. The means from five incisors are
presented with standard deviations. Student’s #-test was used for the statistical analysis,
*Significant difference compared with wild-type (P < 0.001). % (w/w), weigh percent;
Ca/P WR, weight percentage ratio of caleium to phosphorus; Ca/P MR, molar ratio of

calcium to phosphorus.

Genes to Cells (2004) 9, 641-651

643



T Yanagawa et al,

Table 2 General iron status of Nif 2™~ mice

Nif2 genotype

+/+ —/—
Hematocrit (%) 52.2+49 52.7+£29
Serum iron {g/dL} 219.5 & 40.6 271.0x505
TIBC (g/dL) 407.8 £52.6 460.3+71.2
Transferrin saturation (%4) 544+ 118 59.1£87
Liver iron content (hg/mg) 555+ 18.0 0.0+ 11.7%

Hematocrit, serum iron concentration, total iron binding capacity (TIBC), tzansferrin

saturation and liver iron content were measured in wild-type and Nrf2

=

mice. The means

from six mice are presented with standard deviations. Mann—~Whitney’s U-test was used for
the statistical analysis. *Significant difference compared with wild-type (P < 0.61).

mice is not affected. In contrast, non-haem iron content
of liver was found to be significantly higher in Nif2™~
mice than that in wild-type liver. The precise reason of
this iron increase in the liver remains to be clarified.

Ameloblasts of Nyf2™~ mice show premature
degenerative atrophy

We next examined development of ameloblasts in Nyf2™~
mouse, since it is the ameloblasts that deposit iron into

A Maturation stage

the enamel surface. A histological examination with lower
magnification of wild-type mouse tissues with haematoxy-
lin and eosin staining showed slight signs of degenerative
atrophy in the late maturation stage of the ameloblast devel-
opment (Im, Fig. 3A). Compared to the wild-type mice,
however, these changes in the Nif2™~ mouse ameloblasts
were abrupt and premature (below), We found that, while
ameloblasts of Nif 2~ mice showed very similar morpho-
logical appearance to that of the wild-type mice during
the transition (¢t} stage and the early maturation (em) stage,

B Maturation stage

Nrf2 (-1-)

644 Genesto Cells (2004) 9, 641651

Incisal end

Degenerative
atrophy

Figure 3 Nif27 ameloblasts show degener-
ative atrophy at the late maturation stage.
(A, B) Hematoxylin and eosin staining of
wild-type (A) 2nd Nif2™'~ (B} mouse enamel
organs. The ameloblasts of Nif2™™ mouse
show severe premature degenerative atrophy
at the late maturation stage (40 X original
magnification). Abbreviations are: t, transition
stage; em, carly maturation stage; Im,
late maturation stage; ra, region of reduced

Incisal end  ameloblasts.

© Blackwell Publishing Limited



ameloblasts of Nif2™~ mice suffered severely from premature
degenerative atrophy at the late maturation stage (Fig. 3B;
green arrow). The late maturation stage is the time when
tron is excreted from ameloblasts to the enamel surface. At
higher magnification, cell heights of ameloblasts gradu-
ally reduced from the early maturation stage to the late
maturation stage in wild-type ameloblasts. At the stages of
reduced ameloblasts, they were changed to atrophic flat
squarnous cells on the most incisal side. In agreement with
the observations with the lower magnification sections

(Fig. 3B), Nif2™"~ mice ameloblasts showed similar morpho-

logical appearance to the wild-type ameloblasts during
the transition stage (Fig. 4A,C). However, the Nif2™"~
ameloblasts suffered from prematare degenerative changes
at the late maturation stage (Fig. 4D; compare with those
in the wild-type mouse, Fig. 4B) and the flat squamous
epithelia largely disappeared in the mutant mouse tissues
{data not shown).These results thus demonstrate that the
normal differentation of ameloblasts are severely disturbed
at the late maturation stage in the Nrf2™~ mice.

Iron transport is defective in Nrf2™" mice

To examine whether the incomplete differentiation affects
the ameloblasts function, iron metabolism during the
ameloblast development was examined in Nif2™” mice. We
carried out Berlin blue staining of wild-type and N2~
mouse incisors (Fig. 4, panels E-H). In the wild-type mouse
incisors, positive staining of Betlin blue, which indicates
the accumulation of iron, was detected in the ameloblast
cytosol during the transition stage and early maturation
stage (Fig. 4E). The accumulation of iron was then shifted to
the plasma membrane on the enamel side at the late matura-
tion stage, reflecting the iron excretion process into the
enamel surface at this stage (Fig. 4F). No Berdin blue-positive
staining was detected at the reduced ameloblast stage (data
not shown). In the Nif2~ enamel organ, iron was detected
both in the papillary layer cells and ameloblasts during the
transition and eatly maturation stages, and the iron accumu-
lation in the ameloblast cytosol was markedly decreased
(Fig. 4G).This may be due to defect of the iron transport
from blood vessels to the ameloblasts. We also found that the
aberrant iron deposition overlapping with the degenerated
cells (Fig. 4H), suggesting that the abnormal accumulation
of iron might provoke, at least in part, the degeneration
of papillary cells and ameloblasts of Nif 2™~ ename] organ.

Ferritin expression was decreased in Nyf2™~
papillary layer cells

Since ferritin is known to play an important role in the
cellular iron metabolism, we next examined the expression

© Blackwell Publishing Limited

Nrf2 regulation of iron transport

of ferritin by immunohistochemical and in situ hybri-
dization analyses. Ferritin heavy chain mRINA was
expressed exclusively in the ameloblasts during transitdon
and early maturation stages. The Nif 2™~ ameloblasts show
similar level expression to the wild-type ameloblasts
(Fig. 5C and 5A, respectively). However, ferritin heavy chain
mRNA expression was very faint or not observed in the
late maturation stage and reduced ameloblast stage (data
not shown) of the ameloblast development in both wild-
type and Nyf2™ mice (Fig. 5B and 5D, respectively).
We also performed immunohistochemical analysis of

ferritin expression, utilizing an anti-rat liver ferritin anti- -

body that cross-reacts with mouse ferritin (Mivazaki
et al. 1998). The analysis revealed that the expression
level of ferritin protein was comparable between amelo-
blasts and papillary layer cells at the transition and early
maturation stages in the wild-type mouse (Fig. 5E).
Importantly, however, in the Nif2™~ mouse the expres-
sion of ferritin in the papillary layer cells was significantly
reduced compared to that in the ameloblasts (Fig. 5G).
Consistent with the results of in situ ferritin heavy chain
mBRINA analysis, ferritin was expréssed only faintly in the
more advanced stages of ameloblasts (Fig. 5SEH). These
results clearly indicate that although ferritin is expressed
in the ameloblasts, it is not expressed efficiently in the
papillary layer cells of Nif2™ animals (see Discussion).

Nrf2™" teeth have decreased acid resistance

To assess changes in the quality of the teeth, we first
examined the Knoop hardness of the teeth. However, we
could not detect significant difference between wild-
type and Nrf2™ teeth. Therefore, we next examined acid
resistance of Nif 2™ teeth. For this purpose, the teeth were
exposed to 0.1 M acetate buffer at pH 4.0 and amounts
of eluted calcium ion were quantified at several time
points by the methylxylenol blue method. As shown in
Fig. 6, the concentration of eluted calcium ion from
Nif2™" teeth was significantly higher than that from the
wild-type teeth, The initial elution velocity increased
rapidly, but the elution seems to be saturated at 30 and
40 min time points in Nif2™" teeth. The eluted calcium
level from the Nif2™" teeth is significantly higher than
that from the wild-type teeth (P < 0.05: Student’s t-test).
Thus, the acid resistance of Nif 2™ teeth was significantly
decreased compared to that of the wild-type mice, suggest-
ing that the Nif2™ teeth are susceptible to dental caries.

Discussion

Closer examination of the Nif2™" mice unveiled that the
surface colour of maxillary incisors of the Nif2™" mice is
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Figure 4 Defective iron transport in Nif 2™

mouse enamel organ. (A-D} Hematoxylin
and eosin staining of wild-type (A, B) and
Nif2™= (C, D} mouse enamel organs. {(E~H)
Berlin blue staining of wild-type (E, F)
and NyZ™ (G, H) mouse enamel organs.
(A, C,E, G) show the transition stage, while
(B, D, F, H) show the late maturation stage
of ameloblast maturation. AM, ameloblasts;
PA, Papillary cell layer.

greyish white, which is a marked contrast to the yellowish ~ The analysis of iron metabolism in the enamel organ
brown colour of the wild-type mouse incisors. Our  showed that the iron transport from blood vessels to the
analyses further revealed that this decolourization is due  ameloblasts was disturbed in the Nif2™~ mouse during
to the decrease in the iron content of the mature enamel.  the ameloblast maturation stages. In the Nif2”~ mouse,

646 Genes to Cells (2004) 9, 641651

© Blackwell Publishing Limited



Figure 5 Expression of ferritin and ferritin
heavy chain mRINA in Nif2 ™~ enamel organ.
(A-D) In situ hybridization analysis of
ferritin heavy chain mRINA of wild-type
(A, B) and Nif2™ (C, D) mouse enamel
organs. (E-H) Immunochistochemical analysis
of ferritin in the wild-type (B, F) and Nif2 ™~
(G, H) mouse enarnel organs. {A, C, E, G}
show the transition stage, while (B, D, E H}
show the late maturation stage of ameloblast
maturation. AM, ameloblasts; PA, Papillary
cell layer.

Nrf2 regulation of iron transport

In situ hybridization

" Immunohistochemistry

Transition and early Late maturation
maturation stage stage

ameloblasts underwent severe degenerative changes and s the first report describing the iron metabolism disorder
disappeared prematurely during their maturation stages,  in the Nyf2™ mouse.

so the loss of the ameloblast function resulted in the Iron is critically involved in various cellular events
failure of iron deposition to the enamel surface and the  ranging from DNA synthesis to cellular respiration
decolourization of the incisors. To our knowledge, this  (Cammack et al. 1950). Among them, the iron utilization
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Figure 6 Nyf2™ mice incisors have diminished acid resistance.
A 0.5 mm X 5 mm area of the buccal surfice of murine incisors
was exposed to acetate buffer at pH 4.0, and the amount of eluted
calcium ion was determined. The surface of the Nif2~ tooth ({0)
eroded significantly earlier in acetic acid than that of the wild-type
mice {O). *P < 0.05: Student’s t-test.

in the rodent enamel organ illustrates one of the mast
interesting examples of iron usage in mammals. Iron
deposited on to the enamel surface seems to contri-
bute to the formation of acid resistance and hardness
of the rodent incisors, which is advantageous for grind-
ing the hard seeds in the environment (Halse 1974; Stein
& Boyle 1959). In fact, the diminished acid resistance of
iron-poor Nif2™" teeth (Fig. 6) supports the notion that
the iron deposition in the enamel surface is an important
event to preserve the rodent tooth function.

In terms of the iron and calcium transport, as well as
matrix and water removal, the papillary layer cells have
been shown to form an intimate functonal unit with the
ameloblasts during early to late stages of the enamel
maturation (Ohshima et al. 1998; Garant & Gillespie 1969,

Skobe & Garant 1974). Importantly, transferrin receptors

are found to be mainly expressed in the papillary layer
cells of the enamel organ of rat incisors (Mataki et al.
1989), suggesting that the papillary layer cells uptake iron
efficiently from the circulating blood. Although mech-
anism of the next transfer process of iron, i.e. from the
papillary layer cells to ameloblasts, is not well understood
at present, one plausible explanation for this is that the
transferrin-bound iron from the circulating blood may
be transferred to ferritin within the papillary layer cells,
and subsequently the ferritin-bound iron is transferred

648 Genes to Cells {2004) 9, 641651

to ameloblasts. Consistent with this contention, we

“observed high ferritin protein accumulation both in the

ameloblasts and papillary layer. cells in the wild-type
enamel organ.

Ferritin serves as the transient iron reservoir in mature
ameloblasts, and surprisingly the ameloblasts express
ferritin mRNA most abundantly amongst rat tissues
(Miyazaki et al. 1998). Ferritin is a 480-kDa intracellular
protein that can store up to 4500 atoms of iron. The pro-
tein consists of heavy and light chains. The rado of sub-
units within a ferritin molecule varies widely from tissue
to tissue, which in turn modulates the ferritin function
(Miyazaki et al. 1998). Although ferritin is expressed at
equal levels both in ameloblasts and papillary layer cells
in the wild-type enamel organ, the in sifu analysis of
ferritin heavy chain mRINA expréssion demonstrates that
the mRINA is exclusively expressed in the ameloblasts.
This observation suggests that the ferritin synthesized in
the ameloblasts may be transferred to the papillary cells
(Mataki ef al. 1989). An alternative, and less likely, pos-
sibility is that the expression of ferritin mRINA in papil-
lary cells might be under the detection limit of the in situ
hybridization method and efficient translation compen-
sated for the weak expression of the gene at mRINA level.

While ferritin is abundantly accumulated, iron accu-
mulation is scarcely observed in the papillary layer cells
of the wild-type mouse. This observation suggests that
the iron transfer process from the papillary layer cells to
ameloblasts may be very efficient in the wild-type enamel
organ. We envisage that ferritin may be loaded with iron
in the papillary layer cells and rapidly transferred to the
arneloblasts.

An important observation is that the accumulation
level of ferritin is abnormally reduced, but accumnulation
level of iron is abnormally increased, in the Nif 2™~ pap-
illary layer cells, suggesting that the iron transfer process
is somehow disturbed in the Nif2™ enamel organ. We
envisage the following scenario to explain the observa-
tion, which is depicted schematically in Fig. 7. Since the
expression levels of ferritin heavy chain mRNA and
ferritin protein in the Nif2™~ ameloblasts was almost com-
parable to those of the wild-type ameloblasts (see Fig. 5),
a translocation or recycling step of ferritin from the
ameloblasts to the papillary layer cells might be affected
in the Nif2™" mice (Radisky & Kaplan 1998; Kwok &
Richardson 2003). Although the translocation of ferritin
from ameloblasts to papillary layer cells has not been
evidenced to date, such a mechanism might be affected
in Nif2™~ enamel organ most probably because of the
enhanced oxidative stress in ameloblasts.

An alternative explanation is that the decrease in the
ferritin mRINA expression may be involved in the
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Figure 7 Nif2™" mice were defective in iron utilization in
developing enamel organ. Nif 2™~ teeth were greyish white {(bottom
panel}, whereas those of wild-type mice were brownish yellow
{middle panel). This decolourization is owing to the defect
of iron deposition in the mature enamel surface. Nif2™ enamel
organs have iron transport defect that leads to both enamel cell
degeneration and disturbed iron deposition orf to the enamel
surface. Brown arrows designate the direction of iron transport
and subsequent deposition.

decrease of ferritin in the Nif2™~ papillary cells. Indeed,
it was recently reported that the chemical activators of
Ntf2 up-regulates the ferritin heavy and light chain gene
expression in wvive, indicating that the ferritin gene
expression is under the regulation of Nrf2/ARE path-
way (Primiano ef al. 1996; Tsuji e al. 2000; Pietsch ez al.
2003). Supporting this contention, it was also reported
that the expression of ferritin genes is not induced, but
basal level of the gene expression is rather reduced in
Nif2™" mouse embryonic fibroblasts (Pietsch et al. 2003).
Morzover, decrease in the basal expression as well as the
induction of ferritin gene was found in Nif 2™ astrocytes
(Lee et al, 2003). The basal level expression of ferritin
mRNA in Nif2™ small intestine was also decreased in
a microarray analysis (Thimmulappa et al. 2002). Thus,
further analyses is required to clarify the underlying
mechanisms of iron transport defect observed in Nif2™~
ename] organ. :

The aberrant accumulation of iron in Nif 2™~ papillary
cells seems to lead the ameloblasts to premature degen-
eration by oxidative stress, as iron generates highly react-
ive oxygen species via Fenton chemistry and causes an
oxidative stress to cells (Linn 1998). Upon utilization of
tron therefore cells need to be equipped with an array of
anti-oxidant systems to prevent its toxicity. Since Nrf2

© Blackwell Publishing Limited
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regulates expression of the genes that protect cells from
oxidative stress (Ishii et al. 2000; Itoh et al. 1999b), there
is a possibility that defective expression of certain Nrf2/

" ARE-regulated gene(s) might be involved in the degen-

erative changes observed in the NifZ”" enamel organ,
For the understanding of the iron transport system that
is defective in the Nif2”~ mouse, comprehensive as well
as quantitative analyses of the expression of ARE-
regulated genes in the enamel organ is critically important.
However, we need a technical breakthrough for collecting
enough amounts of mouse enamel organs for such analyses.

Experimental procedures

Macroscopic observation

The generation of Nyf2 gene mutant mice was previously
described (Itoh ef al. 1997). The incidence of decolourization
phenotype was analysed by the *-test,

Scanning electron microscopic observation and
micro X-ray analysis

The murine incisors, including maxillary bones, were fixed in
100% ethanol and dehydrated by the critical point drying method,
The incisors from N2~ and Nif 2™~ mice were examined vsing
a scanning electron microscope (Hitachi S-2500CX) operated at
15 kV. Micro X-ray analysis was performed to determine the
chemical components of the incisors. For energy~dispersive X-ray
analysis, an X-ray detector system (Kevex Quantum Delta IV)
attached to a scanning electron microscope was used. The micro
X-ray analysis system was operated at a 15-kV accelerating voltage
and a 0.1-nA probe current, with a 20-nm probe size and 2 100-s
counting time. Five points on the enamel surface were selected
and analysed for the amounts of calcium, phosphorus and iron.
The iron concentration was detected in 1 tm depth of enamel
surface,

In situ hybridization, immunochistochemistry and
iron staining

Ferritin heavy chain ¢cEDNA was subcloned into the pBluescript
KS* vector and used as a template for cRINA production, DIG-
11-UTP-labelled single-strand anti-sense and sense RNA probes
were prepared by DIG-RNA Labeling Kit (Behringer Man-
nheim) according to the manufacturer’s instruction. Samples were
fixed with 4% paraformaldehyde with PBS overnight at 4 °C and
decalcified in 10% EDTA (pH 7.4) for 2 weeks, embedded in
paraffin and sectioned. In situ hybridization was performed as pre-
viously described (Shibata et al, 2000). After treatment with 0.2 N
hydrochloric acid and Proteinase K (10 pg/mL), hybridization
was performed with the probe (I pg/mL) at 50 °C overnight.
After extensive washing and RINase A treatment, the hybridized
DIG-labelled probes were detected with alkaline phosphatase-
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conjugated anti-DIG antibody and 5-bromo-4-chloro-3-indolyl
phosphate as the substrate, using 2 nucleic acid detection kit
{(Behringer Manheim).,

Immunostaining was performed using the labelled streptavidin
biotin method (LsAB method: Nichirei). Sections were immersad
in 0.3% hydrogen peroxide in methanol for 30 nuin, and incubated
with 5% normal goat serum for 30 min at room temperature. The
sections were then incubated with anti-rat Lver ferritin rabbit pel-
yclonal antbody (1 : 200 v/v) in PBS at 4 °C overnight (Miyazaki
et al. 1998). The slides were reacted with biotinylated goat
anti-rabbit antibody for 30 min at room temperature, followed by
horseradish peroxidase comugated with streptavidin. The peroxi-
dase activity was visualized by the 3-amino-9-ethylcarbasol
substrate-chromogen system (Nichixei, Tokyo}. The sections were
counterstained with haematoxylin, dehydrated, and mounted.
Control staining was performed with non-immune rabbit serum.
Berlin blue staining was performed to detect iron depaosits.

Serum iron parameters and liver iron content

Blood was obtained from abdominal aorta of anaesthetized mice
and 200 pL of serum from each animal was used for analysis of
iron and total iron binding capacity These assays were performed
by SRL Inc. (Tokyo) using an automatic chemical analyser

(Hitachi), Non-haem iron in the liver was measured as previously .

described (Foy et al. 1967).

Analysis of acid resistance and Knoop hardness

Hardniess test of the ename! surface was performed by using a
hardness tester equipped with 2 Knoop penetrator. Six kg load was
applied to each tooth for 10 5. To measure the acid resistance of the
teeth, a2 5 mm X 0.5 mm of the buccal surface of the murine
incisors was exposed to 100 UL of acetate buffer (100 ma) at pH 4.0
at room temperature. The eluted calcium ion was measured by the
methylxylenol blue method (Calcium E-test Wako, Wako, USA)
at 5,10, 15, 20, 30 and 40 min. The means from five independent
incisors from 8 to 12-week-old mice were presented with standard
errots,
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The Nrf2 transcription factor is more rapidly furned
over in cells grown under homeostatic conditions than
in those experiencing oxidative stress. The variable
turnover of Nrf2 is accomplished through the use of at
least two degrons and its redox-sensitive interaction
with the Eelch-repeat protein Keapl. In homeostatic
COB81 cells, the Neh2 degron confers on Nrf2 a half-life of
less than 10 min. Analyses of deletion mutants of a
Gal4(HA)mNeh2 fusion protein and full-length mNyf2
indicste that full redox-sensitive Neh2 destabilizing ac-
tivity depends upon two separate sequences within this
N-terminal domain. The DIDLID element (amino acids
17-32) is indispensable for Neh2 activity and appears
necessary to recruit a ubiquitin ligase to the fusion pro-
tein. A second motif within Neh2, the ETGE tetrapeptide
(amino acids 79-82), allows the redox-sensitive recrmit-
ment of Nrf2 to Eeapl. This interaction, which occurs
‘only in homeostatic cells, enhances the capacity of the
Neh?2 degron to direct degradation by functioning down-
stream of ubiquitination mediated by the DIDLID ele-
ment. By contrast with the situation under homeostatic
conditions, the Neh2 degron is neither necessary nor
sufficient to accoumt for the characteristic half-life of
Nrf2 in oxidatively stressed cells. Instead, the previ-
ously uncharacterized, redox-insensitive Neh6 degron
(amino acids 329-379) is essential to ensure that the
transeription factor is still appropriately turned over in
stressed cells, albeit with an increased half-life of 40
min, A model can now be proposed to explain how the
turnover of this protein adapts in response to alter-
ations in cellular redox state.

The Nrf2 transcription factor regulates many antioxidant
and detoxification genes in response to oxidative insult (1-3).
The resulting biochemical alterations enhance the capacity of
cells to survive the stress by detexifying the causative agent
along with by-products of the stress, by repairing or recycling
damaged macromolecules, and ultimately, restoring redox ho-
meostasis. The pivotal role of Nxf2 in this adaptive response is
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2002/65. The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 U.S.C. Section 1734
solely to indicate this fact,

[E] The on-line version of this article (available at hitp/iwww jbe.org)
containg Supplemnental Figa, 1-4.
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Scotland, UK Tcl.: 0044-1382-660111; Fax: 0044-1382-669993; E-mail:
nt.j.maucinahen@dundee.ac.uk.
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clear from the lack of up-regolation: of these genes in mice
lacking this factor (4-7).

Induetion of many genes in response to oxidative stress oc-
curs through the antioxidant-response element (ARE) (for a
review, see Ref. 8). This enhancer is bound by “cne” bZIP
proteins, which consists of not only Nrf2 but also the p45
subunit of NF-E2, Nrfl, and Nrf3, and the more distantly
related nembers Bachl and Bach2. These proteins bind AREs
as obligate heterodimers with any one of three small Maf
proteins (MafF, MafG, and MafK), which may themselves also
bind as homodinrers (for a review, see Ref. 9). Furthermore,
other bZIP proteins are reputed to bind this enhancer (9). The
transcriptional state of ARE-regnlated genes is determined by
the identity of the dimer recruited. For example, small Maf
homodimers, which lack transactivation dorsains, are not con-
petent to drive transcription from this element (Ref. 10), and
Bach1-containing heterodirpers actively repress transcription
{11). In comparison, Nrf2 has been shown to be a strong trans-
activator, and its recraitiment to an ARE, as a heterodimer with
a small Maf partner molecnle, results in transeriptional up-
regulafion of the gene in question (1, 12). The existence of
functionally distinct bZIP dimers allows the cell to control
ARE-driven gene transcription by varying the quantity of spe-
cifie ene and small Maf proteins in the nucleus and, therefore,
the spectrum of dimers expressed. Accordingly, cellular adap-
tation to oxidative stress involves, among other changes, a
rapid increase in the nuclear level of Nrf2 (18-15), possibly
conpled with a decrease in the ainount of Bach1 (16), leading in
turn to erthanced recruitment of Nrf2-containing dimers to the
promcters of ARE-regulated genes (17).

The amount of Nrf2 protein in the nueclens is controlled by
the cytoplasmic, actin-bound protein, Keapl (Kelch-like ECH-
associated protein 1). ECH (erythroid cell-derived protein with
ene homology) is a synonym for Gallus gallue Nrf2. This Kelch-
repeat protein was criginally identified because it can interact
with the N-terminal Neh2 (Nrf2-ECH homology 2) domain of
Nrf2. SBubsequently, Keapl was found {o bind directly to Nrf2
via an ETGE tefrapeptide motif within Neh2 (18~19). Initial
overexpression assays indicated that Keapl dictates the sub-
cellular localization of Nrf2. It was demonstrated to tether
Nrf2 in the eytoplasm of homeostatic cells, but during oxtdative
stress this interaction was antagonized, leaving Nri2 free to
translocate to the nuclens {18).

' The sbbrevistions used are: ARE, antioxidant response element:
BTB, Braad-comnplex, Tramtrack, and Bric-a-brac; CHX, cycloheximide;
cnc, cap 'n collar; BR, endoplasmic reticulum; HA, hemagglutinin;
Keapl, Kelch-like ECH-associated protein 1; Neh, Nrf2-ECH homology;
Nrf, Ni"-E2-rclated factor; Sul, sulfsraphanc; Ubl, ubiquitin-like; E1,
ubiguitin-activating enzyme.

This paper & available on finc at hifp//www jhc.org
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Recent studies (13-15, 20-21) indicate that oxidative stress
influences not only the subcellular distribution of Nxf2 but also
the total amount of Nrf2. Thus, in the nontransformed RL34
rat liver epithelial cell line, rNrf2 protein was undetectable
under homeostatic conditions, but levels of the protein in-
creased rapidly in the nucleus following treatment with sul-
foraphane (Sulj, a model oxidative stressor (15). To account for
these findings, it has been proposed that Keapl both seques-
ters Nrf2 in the cytoplasm and enhances proteasomal degra-
dation of the transcription factor in homeostatic cells (14, 15).
Consistent with this model, we have demonstrated previously
in COSLI cells that both the steady-state level of Nrf2 protein
and its halflife are redox-sensitive, when coexpressed with
Keapl. Deletion of the ETGE tetrapeptide motif from the Neh2
domain of Nrf2 demonstrated that its redox-sensitive interac-
tion with Keapl underpins its decreased stability during ho-
meostatic conditions (15). To our surprise, althongh interaction
with Keapl enhanced the rate of proteasomal degradation of
Nrf2 in homeostatic cells, the interaction did not enhance ubig-
nitination of the bZIP factor (15}, Further examination of how
the Neh2 domain controls protein half-life revealed that it does
not simply contain the interaction site for Nrf2 and Keapl but
that this region is a redox-sensitive degron. Specifically, when
Neh2 was fused to Gal4d and coexpressed with Keapl, the
half-life of the recombinant protein was reduced, and its
steady-state level becaine redox-sensitive. Deletion of the
ETGE motif from the fusion protein also showed that the Neh2
domain could mediate proteasomal degradation independently
of its interaction with Keapl. We thus proposed that Nrf2 is
capable of being degraded proteasomally, via its Neh2 degron,
both dependently and independently of Keapl. Under homeo-
static conditions, the Neh?2 degron mediates a rapid, Keapl-de-
pendent degradation of Nrf2 (15). By contrast, imder conditions
of cxidative stress, the Neh2 degron directs a less rapid, Keapl-
independent degradation of the bZIP factor.

The relationship between Keapl-dependent and -independ-
ent Neh2-medialed degradalion is vnelear. I is nol known
whether Keapl simply acts to enhance the rate of the Keapl-
independent mechanism or whether several pathways for Nrf2
degradation exist.

Comparison of the amino acid sequence of SKN-1, a fran-
scription factor in Cuenorhabditic elegans that responds to
oxidative stress, with that of Nrf2 has revealed the presence of
a conserved peptide called the “DIDLID element” in the nem-
afode protein (22}, This element is located between residues 99
and 112 of SKN-1, whereas in mouse, rat, and human Nrf2 it
resides in the Neh2 demain between amino acids 17 and 32
(Fig. 1). In SKN-1, the DIDLID element is part of & fransaeti-
vation domain, although this property is also shared with other
regions of the nematode factor. The funetion of the region in
Nrf2 homologous to the SKN-1 DIDLID element is not known,
but the striking conservation suggests it performs an essential
role. Given the fact that Neh? helps control the turn over of
Nrf2, it is important to establish whether the Neh2 subdomain
equivalent to the SKN-1 element contributes to this process,
Besides Neh2, five addifional domains, Nehl, Neh3, Neh4,
Nehb, and Neh8, have been identified in Nrf2. It is not known
if these regions contribute to the destabilization of the bZIP
pretein.

In this paper we report for the first time that ubiguitination
of a Gal4(HA)mNeh2 fusion protein depends upon the subdo-
main equivalent to the DIDLID element in SKN-1. By deleting
amine acids 17-32 from full-length mNrf2, we demonstrate
that Keap1 functions to enbance the rate of degradation of Nrf2
by acting downstream of ubiquitination directed by the
DIDLID element. Whereas the Neh2 domain is both necessary
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Fii. 1. Bteueture of Nef2, A, schematic of the conserved domain
structure of mouse Nrf2 baged on a sequence alignment of orthologous
Nrf2 proteins is presented, Conserved domains are veferred fo as Neh
domains. The DIDLID element {amine acids 17-32) and the ETGE
motif (amino ncids 73-82) of the Neh2 domain are highlighted, as are
two highly conserved regions of the Neh6 domain (amine acids 326339
and 363-379). A complete sequence aligoment of orthologous Nrf2
proteins from human to fish sand a description of the known functions of
the Neh domains can be found in the supplemental Fig. 1. B, a com.-
parison of the regions of mouse (), rat (M, human (2), and chicken (g)
Nrf2 proteins encompassing DIDLID elements, and the corresponding
sequence from C. elegans SKN-1 protein is presenied. The sequence
defined as the DIDLID element in SEN-1 i3 urderlined. In the context
of mNrf2, we nse the term fo refer to amino acids 17-32.

and sufficient for degradation of Nrf2 in homeostatic cells, it
can be removed without altering the turnover rate of the pro-
tein in oxidatively stressed cells. Instead, degradation of the
protein in stressed cells is predomrinantly mediated by the
previously unrecognized, redox-insensitive Neh6 degron.

EXPERIMENTAL PROCEDURES

Plasmids—pCG-GAL{HA), which expresses a hemagglutinin (HA)-
tagged GAL4 DNA-binding domain was a kind gift of Dr. William P.
Tansey (Cold Spring Harbor Laboratory, NY} and has been described in
Ret 23. pCG-GAL{HAYMNeh8, which expresses Gal4(HA}mNeh6, a
HA-iagged Gald DNA-binding domain fused to the Neh8 domain of
mNrf2, was generated by PCR amplification of the region coding amino
acids 318-401 by vsing the primer pair §'-GACCTGTCACTGTCTA-
GAGCTTTCAACCCG-3" and B'-CATAGGAGCACTGGATCCTTGC-
TATGGTGACAGAGGCTG-3". The resulting product was digested with
Xbal and BamHI and ligated into simitarly digested pCG-GAL(HA).
pCG-GAL{HA)mNeh2, which expresses Gal4(HA)mNeh2, a hemagglu-
tinin (HA}tagged GAL4 DNA-binding domain-mNeh2 fusion protein,
hag been described previously, as hus pcDNA3.1/V5mNrf2, which ex-
presses full-length mNzf2 tagged at the C terminus with a V5 epitope
{mNrf2-V5) (15). All constrncts expressing the deletion mutanfs of
Gal4(HA)nNeh2 or mNrf2-V6 mentioned in the text were generated
from the above parental vectors by deletion mutagenesis using the
GeneEditor kit (Promega). The sequences of the mutagenic oligonuclec-
tides used are available on requesat. peDNA3. L/VSHisCmKeapl and
peDNA3 1/mKeapl, which express mKeapl-V5-bexahistidine and un-
tagged inKeapl, respectively, have been described previously (15). The
pARE-184CAT reporter construct was a gift from Dr. Cecil B. Pickett
(Schering Plough Research Institute,” Kenilworth, NJ) and hasg been
degeribed previously (24). pCMVg-gal (Clontech) expresses B-galacto-
sidase under the contral of a cytomegalovirus promoter and was in-
cluded in all transfections as an internal control, pHisUb, which ex-
presses hexahistidine-tagged octameric wbiquitin precursar protein
from a cytomegalovirus promaoter (25), was provided by Prof. David P,
Lane (University of Dundee). All constructs prepared for this study
were sequence-verified,

Cell Culture, Transfections, Chemical Challenge, and Reporter As-
says—ts20TGR and H38.5 cells (28} were kind gifts from Profs, Harvey
L. Ozer (University of Medicine and Dentistry of New Jersey-New
Jersey Medical School} and Christoph Borner (Albert-Ludwigs Univer-
sity, Treiburg, Germany). The ts20TG™ cell line harbors a temperature-
sengitive mutant E1 enzyine. The mutant enzyme permits growth at
34.5 °C but is inactivated by shifting cells to the nonpermissive tem-
perature of 39 °C. This cell line was maintained at 24.5 °C in Dulbeceo's
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modified Eagle’s mediom (Invifrogen) supplemented with 10% (v/v)
heat-inactivated fetal calf serum {Invitrogen) and penicillin-streptomy-
¢in. The H38.5 cell line was derived from the s20TG® cell line and
contains stably integrated DNA expressing the wild-type E1 protein. It
was maintained as for the parent cell line, but its growth medium was
supplemented with 50 pg/m] hygromycin B (Sigma) to maintain the
integrated DNA. COS1 cells were grown in Dulbecco’s modified Eagle’s
medium {(Invitrogen) supplemented with 10% (vw/v) heat-inactivated
fetal calf serum (Invitrogen) and penicillin-streptomyein. RL34, non-
transformed rat liver epithelial cells, were maintained in Dulbecoo’s
modified Engle’s medium {Invitrogen) supplemented with 10% (v/iv)
heat-inactivated fetal calf serum (nvitrogen), 2 mM E-glulamine, and
penicillin-streptomycin. Cells were seeded into either 6-well plates or
60-mm tissue culture dishes at Jeast 18 h before transfection and were
~§0% ({s20TGR, H38.5, or RL34 cells) or 90% (COS1 cells) confluent at
the time of transfection. Cells were transfected using either Lipofectin
{COS1) or LipofectAMINE 2000 (£s20TGR, H38.5, or RL34 cells) (both
products from Invitrogen) according to the manufacturer’s instructions.
Cells were challenged with chemicals not less than 40 h after plating.

. Sul was obtained from LKT Laboratories. Cycloheximide (CHX) was
from Sigma. MG132 was from Calbiochem. The g-galactosidase and
chloramphenicol acetyltransferase reporter assays were carried out as
described previousty (15).

Whole-cell Extracts, In Vivo Dbiquitination Assay, Immunoprecipita-
tion, ard Iminunoblots—For immunoblots, whole-cell lysates were pre-
pared by scraping cell monolayers juto ice-cold radicimmune precipita-
fion assay buffer (50 mm Tris-Cl, pH 7.4, 150 my NaCl, 1% (v/v) Nonidet
P-40, 0.5% (wiv) deoxycholic acid, 0.1% (w/v) SDS supplemented with
complete, EDTA-free protease inbibifor mixture (Roche Applied Sd-
ence)). Lysates were clarified by centrifugation (16,000 X g, 15 win,
4 °C). The in vivo ubiguitination assay was carried out, and subse-
quenily, whole-cell lysules and Hisdagged proteins fruclions wers pre-
pared as described previously (15) with the following modification: cells
were not pretreated with MG132 before preparing whole-cell and His-
{aggred samples. Immunoprecipitation of HA-tagged proteing from clar-
ified, wholeell lysates was by conventional methods. Briefly, 50 g of
mouse IgG-agarose (Sigma) was washed with radioimnune precipita-
tion assay buffer by repeated centrifogation (5,000 X g, 2 min, 4°0),
and the resin was mixed with and used to predear the lysaie, by
end-over-end tumbling at 4 °C for 1 h. The suspension was centrifuged
{5,000 X g,2 min, 4 °C), and the precleared lysate was added to 50 gl of
mouse anti-HA (clone HA-T)-agarose (Sigma) and washed as described
above. This was incubated overnight at 4 °C with continuous end-over-
end mixing. The following morning, the resin was washed with 3 vaol-
umes of radisimmune precipitation assay buffer by repested centrifu-
gation (5,000 X g, 2 min, 4 °C). Material that remained bound to the
resin was eluted in 50 ul of Laemmli reducing sample buffer. Protein
detexrmination, SDS-PAGE, and immuncblotting were carried out as
described previously (15), Antibodies used included a vabbit anti-mNef2
serum (15), 1:10,000, mouse aati-V6 (Invitrogen), 1:2000, mouse an-
ti-IHA (dlone 12CA5-Roche Applied Seience), 0.4 pgiml, rabbit anti-Gald
serum (Upstate Biolechuology, Inc), 1:2000, and a Goul anti-hKezpl
antibody preparation (Santa Cruz Biotechnology), 0.8 ug/ml. -

RESULTS

The DIDLID Elemnent in Nrf2 Is Essential for Keap I-independ-
ent, Neh2-rmediated Degradation—In an attempt to define more
clearly the relationship between Keapl-independent and -de-
pendent Neh2-directed degradation, a region within the N-ter-
minal domain of Nrf2 was sought that is required for its turn-
over in a Keapl-independent fashion. Within the first 96 amino
acids, which define the Neh2 degrom, two regions are highly
conserved: amino acids 1-55 and 65-85 (see supplemental Fig.
1). On the basis of this mformation, we genersted expression
constructs for Gald(HAYNeh241-18, Gald(HA)mNech2217-92,
Gal{HAMNeh22%358 and Gal4(HA)mNeh2255-35 to determine
which of the four subdomains within Neh2 might be responsible
for Keapl-independent turn over of Nrf2.

The steady-state expression levels of these proteins were
initizlly compared with that of Gal4(HAhnNeh2, Untagged
Keap! was coexpressed with all proteins, but the degradation
observed was Keapl-independent as the level of expression of
thes fusion proteins was sufficiently great to saturate the capac-
ity of heferologously expressed mKeapl to affect degradation

Reapl-mediated Degradation of Nrf2

(Pig. 8 in Ref. 15, sec below also). Steady-state levels were
measured using antibodies against the Gald DNA-binding
domain, the HA Lag, and mirf2. All three reagenis gave
gimilar results (Fig. 24).% The amount of both. the
Gal4(HAYmNeh2412® and Gal4(HAYmNeh24'"-32 proteins was
higher in COS1 cells than the other three fusion proteins, all of
which accunmilated to similar extents (Fig. 24). The half-life
of each protein in COS1 cells was determined by CHX chase
assay (Fig. 2B). Gal4(HA)mNeh?2, Gal4(HA)mNeh24%355 and
Gal4(HA)mNeh245%-3% al] had statistically indistinguishable
half-lives of ~1 h. The fact that deleting amine acids 65-85
{and thus the ETGE motif required for Keapl binding) did not
affect the half-life of the fusion protein demonstrated that the
observed degradation is accomiplished by a Keapl-independent
mechanism. In stark eontrast, deletion of amino acids 17-32
resulted in a protein of greatly enhanced stability. This protein
had a halflife of ~8 h in COS1 cells, and it was effectively
metabolically stable, This preswomably accounts for the fact
that it was observed to accumnlate to a much bigher steady-
state level than the Gald-wild-type Neh?2 fusion protein from
which it was derived. Finally, whereas deletion of amino acids
1-16 enhance the stability of the fusion protein, its half-life
only extends from 1 to 2 h, which on its ¢wn cannot fully
account for the large increase in its profein level when com-
pared with that of the intact Neh2 fusion protein. This discrop-
ancy has been observed consistently, and we speculate that it
reflects some alteration in the rate at which conformationally
mature Gal4(fIA)mNeh22¥¢ is generated. The stabilization
achieved by deleting amino acids 1-16 is far more modest
than that accomplished by deletion of amine acids 17-32, It
appears likely that the modest increase in the halflife of
Gal4(FHA)YmNehg21 18 oceurs because the ability of amino acids
17-32 to direct degradation of the fusion protein is impaired by
deletion of amino acids 1-16.

The DIDLID Element Direets Polyubiguitination of
Gal4(HAmNeh2—Targeting of substrates fo the 26 8 prolea- |
some generally requires prior polyubignitination, although ex-
ceptions to this rule exist (27-29). Thus, one inferpretation of
the above results is that the DIDLID element is essential for
polyubiquitination of the fusion protein, possibly by recruiting
an ubiguitin ligase. Thus, we sought to compare, under steady-
state conditions, the fractions of Gal4(HA)mNeh2217-32 and
wild-type proteins that are conjugated to ubiquitin, utilizing
the His-tagged ubiquitination assay of Treier et al. (25). COS1
cells were transfected with the plasmids indicated in Fig. 34,
and 24 h later, both the fotal amount of fusion protein in a
whole-cell lysafe and the amount of fusion protein recovered in
the affinity-purified His-fagged fraction were determined by
immmmoblot analysis. Fusion protein recovered in the His-
tagged fraction represents the polyubiquitinated form of the
protein as no such protein was recovered in this fraction unless
both fusion protein and His-tagged ubignitin were coexpressed
(Fig. 84, lanes 7-10). .

Although {the absolute amoont of ubiguitinated
Cald(HA)NnNeh2417-32 recaverad at steady-state was effec-
tively identical to that of the wild-type Neh2-fusion protein, a
greater amount of the DIDLID delstion mutant had to be
expressed to “drive” ubiquitination to this extent (Fig. 34, of.
lanes 1 and 2 with lanes 5 and 8). By making serial dilutions of
the whole-cell fraction, it was estimated that the DIDLID de-
letion mutant accurmulated to approximately eight times the

2 The inability of the rabbit anti-mNrf2 antiserum to effectively react
with Gal4(HAImNeh2°%*-% appears to be due to the fact that the
deleted region is immunodominant and not due to misfolding of the
Neh?2 region in its absence (M. McMahon and J. D. Hayes, unpublished
observations). .
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A

Fi. 2, The DIDLID element is es-
sential for Keapl-independent, Neh2-
medisted degradation. COS1 cells in
60-mm tissue culture dishes were frans-
fected with 2 pg of a vector expressing
either Gal4(I1A), GaldlHA)XMNeh2, or
various related deletion proteing as indi-
cated in the figure. pcDNA3. VmKeapl {2
pg) was included in all transfection nrixes
ag was 0.8 pg of pCMV3-gul. A, whale-cell
lysates were prepared from duplicate
monolayers 24 h later, and the steady-
state expression levels of the Gal4(HA)
and related fusion proteins were defer-
mined by immunoblot analysis with the
antibodies indicated io the leff of each
panel. B, CHX was spiked info each dish
of cells to a final concentration of 40 pg/ml
CHX. Suhsequently, for each of the indi-
cated fusion proteins, whole-cell lysates
were prepared from transfected cells after
the indicated CHX chase periods and
probed with a mouse anti-HA. antibody.
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steady-state level achieved by the wild-type Neh2 fusion pro-
tein (data not shown). This is consistent with a prediction .
based on the magnitude of the increase in its halfulife. Our
interpretation of these experimental data is that both the wild-
type and the DIDLID deletion fusion proteins are synthesized
and fold correctly at the same rate. Therefore, at steady-state,
both must be degraded at the same rate, and this explains the
similarity in the absolnte amount of these proteins found con-

. jugaled Lo ubiquitin. The increased toial amount of fusion
protein lacking Neh2 residues 17-32 arises because in the
absence of the DIDLID element the rate of ubiquitination is
reduced, and a greater cellular concentration of this fusion
protein is required in order to achieve a similar cellular con-
centration of ubiguitimated material.

Given the fact that Gal4(HA)mNeh241-18 js more stable than
the wild-type fusion protein, we expected to find that its. frac-
tional ubiquitination was also less ¢than that for
Gal4(HA)mNeh2. Surprisingly, this does not appear fo be the
case (Fig. 34, ef. lanes 1 and 2 with lanes 3 and 4). By serial
dilution, it was shown that the fractions of Gal4(HAJmNeh2
and Gal4(HAYmNeh2211® are essentially equivalent {sapple-
mental Fig. 2). Furthermore, to check whether ubiquitination
of Gal4(HA)mNeh 242 might be driven to some extent by the
region of Neh2 encompassed by amino acids 1-16, we measured
the fraction of Gal4(HAYmNeh251~%2 that was recovered conju-
gated to ubiquitin at steady state. The fraction of this protein
that was ubiquitinated did not differ from the fraction meas-
ured for Gald(HAImNeh2417-92 (Fig. 8B, ¢f. lanes I and 2 with
lanes 2 and 4). Thus, deletion of amino acids 1-16 in Neh2 does
not appear to compromise the capacity of the fusion protein to
be ubiquitinated. The enhanced stability of the fusion protein

50 0. 150 200

CHX-chasg time (min)

attendant wpon this deletion does not appear interpretable in
terms of the conventional paradigm of proteasomal degrada-
tion. Perhaps, in some currently undefined fashion, this dele-
tion affects not the rate of ubiquitination but rather the rate of
degradation by the proteasome of the ubiquitinated substrate.

We also analyzed the fractional ubiquitination of
Gal4(HA)MNeh22%3-5% and it was identics] to that of the wild-
type fusion protein (data not shown). Unfortunately, although .
we can detect ublgoitinated fusion proleins with rabbit anti-
Nrf2 serum, we cannot do so with the rabbit anti-Gal4 or mouse
anti-HA reagents. We presume that ubiquitination occludes or
medifies these regions of the fusion protein. As a consequenes,
this has precluded an analysis of the ubiquitin status of
Gal4(HA) and Gal4(HA)mNeh238%-86, .

The above results indicate that the DIDLID element in the
Nech2 degron is necessary to allow efficient ubiquitination
of Gal4(HA)mNeh2. Furthermore, the inverse correlation

- between the stabilities of Gal4(HA)mNeh22'7™-*2 and

Gal4(HA)mNeh2 and the extent to which they were ubiguiti-
nated indicated that this type of modification was functionally
important. for Keapl-independent, Neh2-mediated proteaso-
mal degradation. Nonetheless, the observation that a protein
can be both proteasomally degraded and polyubiquitinated
does not prove that a causal link exists between the two. For
example, p21%®! is polyubiquitinated in vivo and is degraded
by the proteasome, but mutants lacking lysine residnes remain
unstable (80). We therefore investigated whether polyubiquiti-
nation was necessary for degradation of Gal4(HA)mNeh2 by
using the ts20TGR cell line; these cells express a temperature-
sensitive mutant E1 (ubiquitin-activating) enzyme, and at the
nonpermissive temperature of 39 °C the enzyme is inactivated
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Fia.3. The DIDLID element directs polyubiquitination of
Gald(HAYmNeh2. A and B, duplicate dishes of COS1 cells were trans-
fected with the indicated plasmids. After fransfection (24 h), a whole-
cell lysate (input) and an affinity-purified His-tageged fraction (pnll-
down) were prepared from each dish of transfected cells and blotted
with rabbit anti-mNr{2 scrum. M, markers are indicated to the left of
each blot. Ub, ubiquitin.

resulting in failure to covalently attach ubiquitin to proteins.
The modes of degradation of Gald(HA)mNeh2 appear {o be
similar in ts20TG® and COS1 cells as deletion of the DIDLID
motif resulted in a large increase in the steady-state expression
level of the fusien protein in both cell lines (ef. Fig. 24 and Fig.
4A), When Gal4(HA)mNeh?2 was heterologously expressed in
ts20TGF cells, and then transferred to 39 °C, the fusion protein
did accumulate, albeif by a modest 3-fold (Fig, 4B). Nonethe-
less, ini the eontrol eell line, H38.5, derived from the ts20TGR
cell line but expressing wild-type E1 enzyme which maintains
some activity at 89 °C, the Gal4(HA)xNeh? protein failed to
nerease npon transfer to the nonpermissive temperature (Fig.
4B}, It is therefore concluded that a functional ubiguitin-
conjugating system is essential for efficient proteascmal deg-
radation of Gal4(HA)mNeh2.

Subsequent experiments indicated that the modest increase
in the level of the fasion protein was likely to be a consequence
of a nonproteasomal mode of degradation of the fusion protein
in ts20TGR cells maintained at 39 °C. To test this hypothesis,
Gald(HAmNeh? was heterclogously expressed in both the
ts20TG® and the H38.5 cell lines. The two cell lines were
shifted to 39 °C for 15 b, and duplicate dishes of cells were
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FiG. 4. Polyubiquitination is essential for proteasomal degra-
datfon of Gal4(HHA)mNeh2. A, duplicate dishes of ts20TGF cells were
transfected with 2 pg of pcDNAS.1/mEeapl, 0.8 pg of pCMV§-gal, and
2 pg of an expression vector for either Gal4d(HAdnNeh2 or
Gal4(HHAImNeh28 73 a5 indicated. After transfection (24 h), whole-
cell lysates were prepured from each dish of cells and probed with
mouse anti-HA. B and C, dishes of either ts20TG" (T) or H38.5 (H) ceils
were transfected with 2 pug of peDNA3.L/mKeapl, 0.8 pg of pCMV -gal,
and 2 pg of an expression vector for Gal4(HA)mNeh2, B, dishes of cells
were maintained at 34.5 °C and shifted to the nonpermissive tempera-
ture of 39 °C at such times that approximately 40 h after transfection
they had been exposed to the nonpermissive temperature for the indi-
cated times. At this point, whole-cell lysates were prepared from each
dish of cells and blotied with rabbit anti-mNef2, C, ~16 b after trans-
faction, all dishes were shifted to the nonpermissive temperature of
89 °C for 15 h. Subsequently, duplicate dishes were treated with either
0.1% (v/v) Me, 30 (DMB0, vehicle), 40 pg/ml CHX, or 10 um MG132 for
3 h, before whole-cell lysates were prcpwed from each dish of cells and
probed with rabbit anti-mNrf2.

treated with either vehicle (Me230), translation inhibitor CHX,
or the proteasomal inhibitor MG132 for a further 3 h. In the
ts20TG" eell line, treatment with MG132 did not lead to any
accumulation of CGal4(HA)mNeh2 beyond that of Me,SO-
treated cells, suggesting that the inactivation of E1 was com-
plete and no proteasomal degradation of Gald(HA)mNeh? oe-
curred in this cell line at 39 °C (Fig. 4C). In comparison,
accunnilation of the fusion protein was evident in H38.5 cells
upon treatment with MG132 (Fig. 4C). Despite the absence of
detectable proteasomsl degradation of Gal4(HA)mNeh2 in
ts20TGR eells at 39 °C, the 3-h CHX chase clearly resulted in a
diminution: in the amount of the protein. We attribute this to an
unidentified, nonproteasomal degradation pathway.

The data presented above demonstrate that ubiquitination is
essential for Keapl-independent, Neh2-mediated proteasomal
degradation and that ite DIDLID element is critieal to ensure
efficient ubignitination.

Both the DIDLID Element and the ETGE Motif in NehZ Are
Essential to Confer Redox Sensitivity and Keapl Dependence
Upon the Hulf-life of Nrf2—Deletion of the DIDLID element
from the Neh? domain does not affect its capacity to interact
with Keapl because, by colmmunoprecipitation assay, we could
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15G. 5. The DIDLID elament does not influence the interaction
of Nrf2 with Keapl. A, COS1 cells in 60-mm dishes were either
mock-transfected or transfected with vectors expressing the indicated
fusion proteins, and 24 h later whole-cell Iysates were prepared. To each
of these lysates was added an equal volume of lysate from COS1 cells
transfected with pcDNA3.1/VEHisCmKeapl. A portion of the lysate was
kept as an input sample. HA-tagged materisl was immunoprecipitated
from the remaining portion of each lysate. Both these pull-down frac-
tions and fnpus samples were probed by immunoblot with either rabbit
anti-mNrf2, to detect the Neh2-fusion proteins, or with goat anti-
hKeapl to detect mKeap!l-Vi-hexahistidine. B, COSL cells in 60-mm
dishes were transfected with 2 pg of peDNAS.VmEeapl, 0.8 pg of
pCMV, E—E‘%a], and 2 pg of vector expressing either mNrf2-V5,
mNrf22ETOE 5, or mNrf2ePIPLD. V5 24 b after transfection, duplicate
dishes of cells were treated with either 0.1% (v/v) Me, S0 (=) ar 15 puM
Sul {+) for 1 h, at which point whole-cell lysates were prepared and
probed with monge anti-V5 by immunoblot. )

demonstrate that Gal4(HA)mNeh21’*2 can interact with
mKeapl in cell lysates (Fig. 54). It was therefore possible to
determine whether Keapl required not only the ETGE motif in
Neh2 but also the DIDLID element in order for it Lo deslabilize
Nrf2 in homeostatic cells.

We cooxpressed mNrf22P™PHDVE (mNrf2 Iacking amine ac-
ids 17-82 and tagged at the C terminns with the V5 epitope)
with untagged mKeapl in COS1 cells, which were subse-
quently treated with vehicle or Sul for 1 h before preparing
whole-cell lysates. The level of mNf28PIPLI0. V5 expressed at
steady-state was invariant between the homeostatic and
stressed cells (Fig. 5.B), snggesting that the DIDLID element is
essential for Keapl to enhance the turnover rate of Nrf2 in
homeostatic cells and, by implication, that Keapl funetions as
part of the same pathway operative for Keapl-independent,
Neh-mediated degradation. Under the same conditions,
mMNrf2-V5 was expressed at lower levels in homeostatic cells
than in stressed cells, and as expected, this was Keapl-depend-
ent as deletion ofthe EI'GE motif, to generate mNrf24=TGE V5,
resulted in & profein whose expression level was elevated com-
pared with its wild-type counterpart in homeostatic cells; its
expression level was not affected by treatment with Sul

To verify that Keapl cannot enhsnce the turnover of
mNTF2APIOLID 5 i COSt cells, we determined its halftlife in
the presence and absence of heterologous mEeapl, both under
homeostatic conditions and in cells that had been treated with
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Sul for 2h (Fig. 6, E and F). Itis evident that the half-life of this
protein was similar under all conditions tested. In particular,
when eoexpressed with mKeapl, mNrf22PPLD_y5 had a half-
life in homeostatic COS1 cells of 38 min and a halflife of 41
min in cells pretreated with Sul for 2 h (Fig. 6F).

As expected, the half-life of mNrf2*FTEVS was also inde-
pendent of whether mKeapl was coexpressed or absent and
whether the cells were homeostatic or stressed. This protein
had & half-life of ~30 min under all tested conditions (Fig. 6, C
and D).

Keapl was only able to destabilize mNrf2-V5 protein con-
taining both the ETGE motif and the DIDLID element in
homeostatic COS1 cells. In stressed COS1 eells heferolegously
expressing mNrf2-V5 only, the half-life of the bZIP protein was
30 min, statistically indistmguishable from that of
mNrf22ET¢EY5 (Fig. 6, A and €). In homeostatic COS1 cells,
however, the half-life of mNr{2-V5 was only 24 min (Fig. 64).
The reduced. stability of mNrf2-V5, in the absence of heterolo-
gous mKeapl, in homeostatic COS1 cells is in agreement with
onr previous cbservation that the level of expression of tagged
mNTf2 is enhanced by oxidative stress, even in the absence of
heterologous mKeapl (Ref. 15, Fig. 5B). It presumably reflects
the presence of endogenons Keapl in COS1 cells. Coexpression
of mKeapl with mNrf2-V5 further reduced the stability of the
transcription factor in homeostatic cells. Under these condi-
tions, mNrf2-V5 had a half-life of <7 min in homeostatic ceils
and g half-life of 38 min in stressed cells (Fig. 6B).

Two aspects of the data in Fig. 6 warrant further comment.
First, the degradation of mINT{2-V5, when coexpressed with
mKeapl, in homeostatic COSI cells does not follow first-order
kinetics. The qnoted half-life was determined from an approx-
imation of the initial rate of degradation at ¢ = 0 min. As we
could not model the evrve using any common mathematical
function, an initial “half-life” of 7 min was estimated from the
slope of a line through the £ = 0 and £ = 15 min data points. A
potential explanation for the observed kinetics of degradation
is offered under “Discussion.”

Second, the data suggest that not only does mnKeap]l desta-
bilize mNTf2-V5 in homeostatic COS1 cells, it might actually
stabilize mNrf2-V3 in stressed cells. Thus, mNrf2-V5 ex-
pressed in stressed COS1 cells that lack heterologous mKeapl
has a halFlife of 830 min. However, when mEeapl is coex-
pressed with mNr{f2-¥5 in such cells, the half-life of the bZIP
protein rises to 38 min (Fig. 6, A and B). No corresponding
enhancement in half-life is observable for the mutant protein
mNri22ET5E.Y5 (Fig. 6, C and ). This effect of mKeapl on the
stability of mNrf2-V5 in stressed cells was found to be repro-
ducible, although it is modest. This observation may not be of
broad physiclogical relevance but may be related to limitations
of the meodel system being investigated.

Collectively, these data support a model in which Keapl de-
stabilizes Ntf2 in homeostatic cells by directly interacting with
the transcription factor through the ETGE motif, and thereby
enhancing the rate of degradation mediated by the DIDLID ele-
ment. Taken with our previcus observation that mKeapl does
not. inflnence the ubiquitination status of mNrf2-V5 under con-
ditions where it does reduce its half-life (15), this suggests that
Keapl enhances the rate of Neh2-imediated degradation in ho-
meostatic COS1 cells by acting downstream of ubiquitination
mediated by the DIDLID element, .

The Neh8 Domain Is a Redox-insensitive Degron, Which Is
Essential for Degrodation of mNrf2 in Oxidatively Stressed
Cells—The fact that deletion of the DIDLID element only in-
creased the half-life of mNrf2-V5 ~6-fold (from <7 min to ~40
min} was unexpected because deletion of this region from
Gal4(HA)mNeh? resulted in a fusion protein that was almost
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F1G. 6. Both the DIDLID and the ETGE motifs of Nrf2 are essential to confer redox sensitivity upon Nrf2. COS1 cells in 60-mm dishes
were transfected with 2 pg of vector expressing either mNrf2-V5, mNrf225T9E. 5, or mNrf22PiPLIRY5, Cells were cotransfected with 2 g of either
emply vector (—mEeapl) or vector expressing untagged mKeapl { +mReapl). pCMV-gal was included in all transfection mixes (0.8 ug) ag an
internal contxol. This gave six populations of cells ditfering in the proteins that they heterologously expressed (A—F). 24 h after transfection, eells
were treated with either 0.1% (v/v) Me,50 (homeostatic) or 13 M Sul for 2 h before CHX was spiked into each disli to a final concentration of 40
1g/inl. Subsequently, whole-cell lysates were prepared at different time points and probed with mouse anti-V5, Each graph depicts the natural
logarithm of the relative expression of Vi-tagged protein as a function of CHX chase time in both homeostatic and stressed COSI cells (mean of
between two to four independent experiments). The best fit line and halflife, derived from the mean + S.E. of the slope of the best fit line, are

presented.

complefely stable in COS1 cells. Furthermore, deletion of es-
gentially the entire Neh2 domain from mNrf2-V5, to generate
mN223-%.V5, yielded a protein that had a half-life of only 37
min (Fig. 7A). These results suggested that Neh? is not the sole
degron in mNrf2, and two further points were evident. First,
the second degrorys) was redox-insensitive as the half-life of
mNrf24PIPUD.YE was not altered by treatment of COS1 cells
with Sul (Fig. 6, of. E and F). Second, the sole presence of the
second degron(s) was sufficient to dictate the turnover rate of
the transcription factor in oxidatively stressed COS1 cells.
Thus while the Neh2 degron confers instability on the protein
in homeostatic cells, it could be inactivated without impacting
on the halflife of the protein in stressed cells. For example,
mNrf2-V5, coexpressed with mKeapl in stressed COS1 cells,

had a half-life of 35 min, nearly identical to the halflife
of mNrf22P LD Y5 under similar conditions (Fig. 6, of. B
with F}. .

To delineate the region of Nrf2 required for its instability
in stressed cells, we initially focused on Neh4 and NehS5
{amino acids 116-131 and 177-193, respectively, see supple-
mental Pig. 1} because they have been reported as fransac-
tivation domains (31), and soch regions are oecasionally co-
incident with degrons (23). To mvestigate Nehd4 and Neh5,
constructs expressing mNpf2aPIPLIDAL1E-131 y5 gpq
miNTf2aPIDLDALTT-188 g wrere genierated. Furthermore, the
Neh6 domain was examined similarly, because it is a region
of the protein that has had no function ascribed to it to
date. As two particular regions within the Neh6 domain



